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ABSTRACT 

Composites  of  Cu-BTC  and  hydroxides  of  zinc,  zirconium,  copper  and  cobalt  were  synthesized.  They  were  characterized  from  the  view 
points  of  their  porosity  and  surface  and  used  as  adsorbents  of  H2S,  NH3,  N02,  C02.  The  results  showed  that  the  addition  of  carbonaceous 
phase  increased  the  surface  area  and  significantly  affected  the  chemistry  of  the  composites.  The  resulting  hydroxide  composites  were  very 
amorphous  with  developed  surface  area  and  the  high  content  of  terminal  hydroxyl  groups  important  for  reactive  adsorption  of  toxic  gases. 
When  the  hydroxide  of  semiconductive  properties  was  used,  the  samples  exhibited  photoactivity  enhanced  by  the  presence  of  graphene 
phase.  That  phase  contributed  to  the  separation  of  photoinduced  charges  and  prevented  their  recombination  leading  to  more  efficient  redox 
reaction.  In  the  case  of  MOF  /GO  composites  addition  of  GO  increased  in  the  degree  of  surface  heterogeneity  and  thus  formed  more  reactive 
centers  for  adsorption.  When  zirconium  based  MOF  were  modified  (with  an  amine  or  Ce)  the  adsorption  capacity  for  N02  significantly 
increased.  While  in  the  case  of  FI2S,  water  increased  the  amount  adsorbed,  a  mixed  effect  was  found  for  N02  adsorption.  On  the  materials 
obtained  very  high  adsorption  capacities  for  the  removal  of  toxic  gases  and  002  were  measured. 
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Scientific  Progress 


Key  achievements 

1.  Zn(0H)2/Graphite  oxide  and  Zn(OH)2/Graphene  composites  are  very  promising  materials  exhibiting  high  H2S,  S02  as  well 
as  N02  adsorption  capacities. 

2.  Zn(OH)2  /graphene  phase  composites  show  very  interesting  photoactivity  in  visible  light.  It  enhances  the  reactive 
adsorption  process 

3.  Grafting  of  amines  on  the  surface  of  SBA-15  creates  good  adsorbents  for  both  N02  and  NO.  Unfortunately,  they  are  active 
only  in  dry  conditions. 

4.  UIP-66  and  its  composites  with  graphite  oxide  show  promising  properties  for  adsorption  of  N02  both  in  dry  and  wet 
conditions 

5.  Co(OH)2/Graphite  oxide  and  Co(OH)2/Graphene  composites  are  promising  materials  exhibiting  high  H2S,  adsorption 
capacities. 

6.  Hydrophobization  of  silica  surface  followed  by  deposition  of  mixed  zicronia/ceria  oxides  results  in  insensitivity  of  the 
adsorbent  to  water.  Moisture  in  air  does  not  decreases  the  performance  as  N02  adsorbents. 

7.  Cu(OH)2/Graphite  oxide  and  Co(OH)2/Graphene  composites  are  promising  materials  exhibiting  high  H2S,  adsorption 
capacities. 

8.  Addition  of  10  %  calex(4)arenes  to  mesoporous  carbon  decreased  the  surface  significantly.  In  spite  of  this  decrease  the 
N02  adsorption  became  unchanged  and  the  NO  emission  decreased. 

9.  Photoactivity  of  composites  with  GO  has  a  potential  to  open  new  research  path  to  increase  the  efficiency  of  reactive 
adsorption  at  ambient  conditions 

10.  The  new  urea-modified  graphite  oxide-HUST-1  exhibit  very  unique  textural  and  chemical  features.  The  synergistic  effects  of 
composite  formation  are  clearly  demonstrated.  They  are  linked  the  defects  in  the  MOF  structure 

1 1 .  The  properties  of  the  composites  are  governed  by  the  properties  of  GO  used  to  build  the  composites 

12.  The  cobalt/zinc  mixed  hydroxides/  GO  with  heterogeneous  amorphous  structures  were  synthesized.  The  synergistic  effects 
of  the  composite  formation  on  the  surface  features  were  identified. 

13.  The  photoacivity  of  cobalt/zinc  mixed  hydroxides/  GO  in  visible  light  (  an  increase  in  the  amount  of  H2S  adsorbed)  was 
linked  to  oxidation  of  cobalt,  oxygen  defects  and  the  increased  conductivity  due  to  the  presence  of  graphene  phase. 

14.  Mesoporous  carbon  and  its  nitrogen  nitrogen-modified  counterparts  are  good  N02  adsorbents. 

15.  Mesoporous  silica/carbon  composites  exhibit  good  N02  adsorption  capacity  in  the  presence  of  water  owing  to  carbons 
hydrophobicity  and  a  decrease  in  the  extent  of  competition  for  adsorption  centers  between  water  and  N02 

16.  Very  high  adsorption  capacities  either  at  ambient  or  high  pressure  for  C02  were  measured  on  new  MOF/GO-U  and 
MOF/GO  composites. 

17.  The  MOF/GO  composites  show  good  performance  in  the  presence  of  methane.  This  means  that  reactive  adsorption  is 
predominant  and  methane  is  not  adsorbed  or  if  it  is,  it  does  not  interfere  with  the  surface  reactive  centers. 

18.  Synthesis  of  UiO-66  and  UIO-67  in  the  presence  of  cerium  resulted  in  a  new  hybrid  MOF. 

19.  The  amount  of  N02  adsorbed  on  the  Ce-doped  MOF  increases  over  25%  in  dry  conditions  in  comparison  with  the 
unmodified  MOF.  Exposure  of  Ce-UiO-66  to  N02  results  in  a  development  of  porosity.  Regardless  the  conditions,  the  XRD 
patterns  indicate  the  stability  of  this  new  hybrid  MOF  upon  N02  adsorption.  Interactions  of  N02  with  MOF  result  in  the 
formation  of  nitrate  and  nitrite  species 

20.  On  the  Ce-UiO-66  and  Ce-UiO-67  an  improvement  in  the  N02  adsorption  capacity  is  found  in  both,  dry  and  wet,  conditions 
in  comparison  with  those  on  the  parent  MOFs. 

21.  Ordered  mesporous  carbons  modified  with  nitrogen  are  shown  as  good  N02  adsorbents  in  both  dry  and  wet  conditions. 

This  is  owing  to  the  favorable  distribution  of  specific  nitrogen  groups  existing  in  larger  pores  were  adsorption  can  take  place. 

22.  A  high  degree  of  surface  amorphicity  accompanied  by  a  high  number  of  OH  groups  on  the  surface  of  mixed  Zn/Co 
hydroxide  were  found  as  crucial  factors  factor  determining  their  good  performance  as  reactive  adsorbents  of  hydrogen  sulfide. 

23.  Introducing  Lewis  basic  sites  to  zirconium  carboxylic  acid  based  materials  by  the  incorporation  of-NH2  groups  promotes 
chemical  reactions  on  the  surface.  The  amine  (NH2)  or  the  carbonyl  (C=0)  groups  in  urea  directly  interact  with  N02  molecules 
in  both  moist  and  dry  conditions,  which  leads  to  the  formation  of  surface  bound  nitrates. 

24.  In  the  case  of  melamine  modified  zirconium  carboxylic  acid  based  materials  the  hydrolysis  of  the  terminal  secondary -NH2 
creates  oxygen  rich  functional  groups  that  cause  the  formation  of  surface  bound  nitrate  species. 

25.  CoOOH  is  a  good  adsorbent  of  hydrogen  sulfide.  Adsorption  in  moist  condition  is  about  twice  more  effective  than  in  dry 
conditions.  In  all  cases,  the  desorption  is  sharp  implying  that  H2S  is  strongly  bonded  to  the  surface.  Very  little  S02  was 
detected  during  the  adsorption  in  dry  conditions.  A  release  of  0.0024  %,  0.001 6  %  and  0.0008  %  was  measured  for  CoOOH, 
CoOOH-GOI  and  CoOOH-GOlO  respectively.  This  seems  to  indicate  that  GO  may  react  with  S02,  limiting  its  release. 

26.  All  Cd/GO  materials  are  good  adsorbents  in  moist  conditions  toward  H2S,  Cd(OH)2-based  materials  are  better  adsorbents 
than  CdC03-based  ones.  Adding  1%  GO  decreases  the  capacity  of  the  materials.  On  the  other  hand,  adding  10%  GO  restores 
that  capacity,  giving  a  slightly  higher  capacity  in  the  case  of  CdC03  and  a  slightly  lower  capacity  in  the  case  of  Cd(OH)2 

27.  The  HKUST-1  sulfur  doped  GO  are  excellent  adsorbents  of  hydrogen  sulfide.  Up  to  144  and  240  mg/g  in  dry  and  moist 
conditions,  respectively,  are  adsorbed  on  the  surface. 

28.  We  have  usefully  developed  an  environmentally  friendly  route  for  the  incorporation  of  N,  and  S  functionalities  via 
solvothermal  methods.  The  nature  of  the  modifier  results  in  different  chemical  features  and  distinct  morphologies.  The  surface 
of  the  modified  GO  samples  is  abundant  in  phenolic,  sulfonic,  thioethers  and  pyrrolic  groups. 

29.  Addition  of  small  amount  of  sulfanilic  acid  (grafting  with  acid)  to  silica-carbons  composites  increases  N02  adsorption  which 


might  be  via  polar  interactions  and  specific  interactions  with  amines. 

30.  The  composites  with  iron  oxide  with  different  levels  of  iron  oxidation  significantly  differ  in  their  performance  as  hydrogen 
sulfide  adsorbents 

31 .  The  oxidation  level  of  iron  seem  to  be  more  important  than  the  developed  surface  area 

32.  Addition  of  GO  to  magnetite  increases  the  capacity  for  H2S  removal  more  than  3  times.  That  increase  is  linked  to  an 
increase  in  hydrophilicity  level,  in  surface  area  and  to  a  decrease  in  the  average  size  of  pores. 

33.  The  behavior  of  MOF/S-doped  graphite  oxides  adsorbed  of  TIC  differ  depending  on  the  kind  of  S-doped  GO  used  for 
synthesis. 

34.  The  ZnOH/GO/AuNPs  composite  exhibited  the  greatest  H2S  adsorption  capacity  due  to  the  increased  number  of  OH 
terminal  groups  and  the  conductive  properties  of  GO  that  facilitated  the  electron  transfer  and  consequently  the  formation  of 
superoxide  ions  promoting  oxidation  of  hydrogen  sulfide.  AuNPs  present  in  the  composite  increased  the  conductivity,  helped 
with  electron  transfer  to  oxygen,  and  prevented  the  fast  recombination  of  the  electrons  and  the  holes. 

35.  The  new  application  of  nanoporous  carbon  as  toxic  gas  sensors  was  proposed  and  explored.  The  materials  show  very 
promising  properties  linking  the  detection  and  protection  functions. 

36.  The  MOF/GO  composites  were  tested  for  the  firs  time  as  toxic  gas  sensors.  Changes  in  conductivity  are  measurable  and 
they  depend  on  the  chemistry  of  the  composites 

Technology  Transfer 


Key  achievements 


1.  Zn(OH)2/Graphite  oxide  and  Zn(OH)2/Graphene  composites  are  very  promising 
materials  exhibiting  high  H2S,  S02  as  well  as  N02  adsorption  capacities. 

2.  Zn(OH)2  /graphene  phase  composites  show  very  interesting  photoactivity  in  visible 
light.  It  enhances  the  reactive  adsorption  process 

3.  Grafting  of  amines  on  the  surface  of  SBA-15  creates  good  adsorbents  for  both  N02 
and  NO.  Unfortunately,  they  are  active  only  in  dry  conditions. 

4.  UIP-66  and  its  composites  with  graphite  oxide  show  promising  properties  for 
adsorption  of  N02  both  in  dry  and  wet  conditions 

5.  Co(OH)2/Graphite  oxide  and  Co(OH)2/Graphene  composites  are  promising  materials 
exhibiting  high  H2S,  adsorption  capacities. 

6.  Hydrophobization  of  silica  surface  followed  by  deposition  of  mixed  zicronia/ceria 
oxides  results  in  insensitivity  of  the  adsorbent  to  water.  Moisture  in  air  does  not 
decreases  the  performance  as  N02  adsorbents. 

7.  Cu(OH)2/Graphite  oxide  and  Co(OH)2/Graphene  composites  are  promising  materials 
exhibiting  high  H2S,  adsorption  capacities. 

8.  Addition  of  10  %  calex(4)arenes  to  mesoporous  carbon  decreased  the  surface 
significantly.  In  spite  of  this  decrease  the  N02  adsorption  became  unchanged  and 
the  NO  emission  decreased. 

9.  Photoactivity  of  composites  with  GO  has  a  potential  to  open  new  research  path  to 
increase  the  efficiency  of  reactive  adsorption  at  ambient  conditions 

10.  The  new  urea-modified  graphite  oxide-HUST-1  exhibit  very  unique  textural  and 
chemical  features.  The  synergistic  effects  of  composite  formation  are  clearly 
demonstrated.  They  are  linked  the  defects  in  the  MOF  structure 

11.  The  properties  of  the  composites  are  governed  by  the  properties  of  GO  used  to  build 
the  composites 

12.  The  cobalt/zinc  mixed  hydroxides/  GO  with  heterogeneous  amorphous  structures 
were  synthesized.  The  synergistic  effects  of  the  composite  formation  on  the  surface 
features  were  identified. 

13.  The  photoacivity  of  cobalt/zinc  mixed  hydroxides/  GO  in  visible  light  (  an  increase  in 
the  amount  of  H2S  adsorbed)  was  linked  to  oxidation  of  cobalt,  oxygen  defects  and 
the  increased  conductivity  due  to  the  presence  of  graphene  phase. 

14.  Mesoporous  carbon  and  its  nitrogen  nitrogen-modified  counterparts  are  good  N02 
adsorbents. 

15.  Mesoporous  silica/carbon  composites  exhibit  good  N02  adsorption  capacity  in  the 
presence  of  water  owing  to  carbons  hydrophobicity  and  a  decrease  in  the  extent  of 
competition  for  adsorption  centers  between  water  and  N02 

16.  Very  high  adsorption  capacities  either  at  ambient  or  high  pressure  for  C02  were 
measured  on  new  MOF/GO-U  and  MOF/GO  composites. 


17.  The  MOF/GO  composites  show  good  performance  in  the  presence  of  methane.  This 
means  that  reactive  adsorption  is  predominant  and  methane  is  not  adsorbed  or  if  it 
is,  it  does  not  interfere  with  the  surface  reactive  centers. 

18.  Synthesis  of  UiO-66  and  UIO-67  in  the  presence  of  cerium  resulted  in  a  new  hybrid 
MOF. 

19.  The  amount  of  N02  adsorbed  on  the  Ce-doped  MOF  increases  over  25%  in  dry 
conditions  in  comparison  with  the  unmodified  MOF.  Exposure  of  Ce-UiO-66  to  N02 
results  in  a  development  of  porosity.  Regardless  the  conditions,  the  XRD  patterns 
indicate  the  stability  of  this  new  hybrid  MOF  upon  N02 adsorption.  Interactions  of 
N02  with  MOF  result  in  the  formation  of  nitrate  and  nitrite  species 

20.  On  the  Ce-UiO-66  and  Ce-UiO-67  an  improvement  in  the  N02  adsorption  capacity  is 
found  in  both,  dry  and  wet,  conditions  in  comparison  with  those  on  the  parent 
MOFs. 

21.  Ordered  mesporous  carbons  modified  with  nitrogen  are  shown  as  good  N02 
adsorbents  in  both  dry  and  wet  conditions.  This  is  owing  to  the  favorable 
distribution  of  specific  nitrogen  groups  existing  in  larger  pores  were  adsorption  can 
take  place. 

22.  A  high  degree  of  surface  amorphicity  accompanied  by  a  high  number  of  OH  groups 
on  the  surface  of  mixed  Zn/Co  hydroxide  were  found  as  crucial  factors  factor 
determining  their  good  performance  as  reactive  adsorbents  of  hydrogen  sulfide. 

23.  Introducing  Lewis  basic  sites  to  zirconium  carboxylic  acid  based  materials  by  the 
incorporation  of  -NH2  groups  promotes  chemical  reactions  on  the  surface.  The 
amine  (NH2)  or  the  carbonyl  (C=0)  groups  in  urea  directly  interact  with  N02 
molecules  in  both  moist  and  dry  conditions,  which  leads  to  the  formation  of  surface 
bound  nitrates. 

24.  In  the  case  of  melamine  modified  zirconium  carboxylic  acid  based  materials  the 
hydrolysis  of  the  terminal  secondary -NH2  creates  oxygen  rich  functional  groups  that 
cause  the  formation  of  surface  bound  nitrate  species. 

25.  CoOOH  is  a  good  adsorbent  of  hydrogen  sulfide.  Adsorption  in  moist  condition  is 
about  twice  more  effective  than  in  dry  conditions.  In  all  cases,  the  desorption  is 
sharp  implying  that  H2S  is  strongly  bonded  to  the  surface.  Very  little  S02  was 
detected  during  the  adsorption  in  dry  conditions.  A  release  of  0.0024  %,  0.0016  % 
and  0.0008  %  was  measured  for  CoOOH,  CoOOH-GOl  and  CoOOH-GOlO 
respectively.  This  seems  to  indicate  that  GO  may  react  with  S02,  limiting  its  release. 

26.  All  Cd/GO  materials  are  good  adsorbents  in  moist  conditions  toward  H2S,  Cd(OH)2- 
based  materials  are  better  adsorbents  than  CdC03-based  ones.  Adding  1%  GO 
decreases  the  capacity  of  the  materials.  On  the  other  hand,  adding  10%  GO  restores 
that  capacity,  giving  a  slightly  higher  capacity  in  the  case  of  CdC03  and  a  slightly 
lower  capacity  in  the  case  of  Cd(OH)2 


27.  The  HKUST-1  sulfur  doped  GO  are  excellent  adsorbents  of  hydrogen  sulfide.  Up  to 
144  and  240  mg/g  in  dry  and  moist  conditions,  respectively,  are  adsorbed  on  the 
surface. 

28.  We  have  usefully  developed  an  environmentally  friendly  route  for  the  incorporation 
of  N,  and  S  functionalities  via  solvothermal  methods.  The  nature  of  the  modifier 
results  in  different  chemical  features  and  distinct  morphologies.  The  surface  of  the 
modified  GO  samples  is  abundant  in  phenolic,  sulfonic,  thioethers  and  pyrrolic 
groups. 

29.  Addition  of  small  amount  of  sulfanilic  acid  (grafting  with  acid)  to  silica-carbons 
composites  increases  N02  adsorption  which  might  be  via  polar  interactions  and 
specific  interactions  with  amines. 

30.  The  composites  with  iron  oxide  with  different  levels  of  iron  oxidation  significantly 
differ  in  their  performance  as  hydrogen  sulfide  adsorbents 

31.  The  oxidation  level  of  iron  seem  to  be  more  important  than  the  developed  surface 
area 

32.  Addition  of  GO  to  magnetite  increases  the  capacity  for  H2S  removal  more  than  3 
times.  That  increase  is  linked  to  an  increase  in  hydrophilicity  level,  in  surface  area 
and  to  a  decrease  in  the  average  size  of  pores. 

33.  The  behavior  of  MOF/S-doped  graphite  oxides  adsorbed  of  TIC  differ  depending  on 
the  kind  of  S-doped  GO  used  for  synthesis. 

34.  The  ZnOH/GO/AuNPs  composite  exhibited  the  greatest  H2S  adsorption  capacity  due 
to  the  increased  number  of  OH  terminal  groups  and  the  conductive  properties  of  GO 
that  facilitated  the  electron  transfer  and  consequently  the  formation  of  superoxide 
ions  promoting  oxidation  of  hydrogen  sulfide.  AuNPs  present  in  the  composite 
increased  the  conductivity,  helped  with  electron  transfer  to  oxygen,  and  prevented 
the  fast  recombination  of  the  electrons  and  the  holes. 

35.  The  new  application  of  nanoporous  carbon  as  toxic  gas  sensors  was  proposed  and 
explored.  The  materials  show  very  promising  properties  linking  the  detection  and 
protection  functions. 

36.  The  MOF/GO  composites  were  tested  for  the  firs  time  as  toxic  gas  sensors.  Changes 
in  conductivity  are  measurable  and  they  depend  on  the  chemistry  of  the  composites 


